Abstract. A disturbance, such as species invasion, can alter the exchange of materials and organisms between ecosystems, with potential consequences for the function of both ecosystems. Russian olive (Elaeagnus angustifolia) is an exotic tree invading riparian corridors in the western United States, and may alter stream organic matter budgets by increasing allochthonous litter and by reducing light via shading, in turn decreasing in-stream primary production. We used a before-after invasion comparison spanning 35 years to show that Russian olive invasion increased allochthonous litter nearly 25-fold to an invaded vs. a control reach of a stream, and we found that this litter decayed more slowly than native willow. Despite a mean 50% increase in canopy cover by Russian olive and associated shading, there were no significant changes in gross primary production. Benthic organic matter storage increased fourfold after Russian olive invasion compared to pre-invasion conditions, but there were no associated changes in stream ecosystem respiration or organic matter export. Thus, estimated stream ecosystem efficiency (ratio of ecosystem respiration to organic matter input) decreased 14%. These findings show that invasions of nonnative plant species in terrestrial habitats can alter resource fluxes to streams with consequences for whole-ecosystem functions.
INTRODUCTION
Stress experienced by ecosystems due to anthropogenic disturbances often results in altered function and imbalances in energy and nutrient budgets (Rappaport et al. 1985) . For example, Odum (1985) hypothesized that stress would cause ecosystems to become more reliant on external sources of energy, increase rates of respiration, shift away from a balance between production and respiration, and increase the amount of unused or exported energy. Most empirical tests of these theories have focused on stressors associated with land use or pollution, such as clear cutting or chronic nutrient addition (Likens et al. 1970 , Foster et al. 1997 . Species invasions are a primary agent of anthropogenic global change with major implications for native biodiversity (Vitousek et al. 1997 ), but their consequences as a stressor on such whole-ecosystem responses are poorly understood.
Budgets of nutrients or energy are integrative indicators of ecosystem response that encompass multiple functions, such as primary production, ecosystem respiration, organic matter (OM) retention, and OM processing. Some indices, such as ecosystem efficiency (EE), or the extent to which organic matter inputs are used or respired within the ecosystem, represent the ratio or balance of multiple functions (Webster and Meyer 1997) . EE expresses whether a defined ecosystem is a net importer or exporter of OM; a shift in this status can have effects on other ecosystems to which it may be connected by the flow of materials or movements of organisms. Though EE is a fundamental characteristic of ecosystems, few studies have explicitly investigated its resistance to disturbance.
Stream ecosystems are dynamic in their transport of energy, nutrients, and organisms along their flowpaths and also via lateral exchanges with riparian habitat (Fisher et al. 1998) . For example, resource subsidies of nutrients, OM, or prey from riparian zones to streams 4 E-mail: madeleine.mineau@maine.edu can affect macroinvertebrate community structure and productivity (Wallace et al. 1997b) , and regulate food web dynamics (Nakano et al. 1999) . Streams are typically heterotrophic, with respiration exceeding production, because they receive energy subsidies from terrestrial ecosystems . However, this is not the norm for streams in arid environments that typically have limited riparian OM inputs and receive adequate light to fuel in-stream production and as a result may be autotrophic (Minshall 1978, Busch and Fisher 1981) . Allochthonous inputs can act as stabilizing factors in aquatic ecosystems (Wetzel 1995) . Therefore, forested headwater streams with large allochthonous inputs exhibit low resistance to riparian disturbances, but streams with more diverse energy sources may be less affected by such a disturbance (Webster et al. 1983 ). Because of their relatively high autochthonous production, streams in arid environments may be more resistant than forested streams to changes in riparian subsidies, though this has not been tested. Species invasions can alter subsidy exchange between aquatic and terrestrial ecosystems (Baxter et al. 2004) . Because riparian plants can control many aspects of stream ecosystems (e.g., light availability, OM and nutrient inputs [Gregory et al. 1991] ), invasions in riparian zones have the potential to strongly affect adjacent aquatic ecosystems. For example, Kennedy and Hobbie (2004) found that nonnative saltcedar (Tamarix ramosissima) altered stream OM dynamics by increasing allochthonous litter inputs and decreasing autochthonous primary production. Disturbance of resource subsidies may represent a stress for the recipient ecosystem, but generally has not been considered in this context (but see Fausch et al. 2010) .
Russian olive (Elaeagnus angustifolia) is an exotic riparian tree and is currently one of the most common woody riparian species in the western United States (Friedman et al. 2005) . Russian olive has the capacity to fix nitrogen due to an actinorhizal association, increase riparian soil nitrogen content (DeCant 2008 , Follstad Shah et al. 2010 , and affect in-stream nutrient dynamics ). This tree also has the potential to alter stream OM budgets by increasing the flux of leaf litter and reducing in-stream primary production due to shading, particularly when it occurs in monotypic stands, as is now common along streams throughout large regions of the western United States (Fig. 1) . In addition, Russian olive litter may be recalcitrant (difficult to break down) and therefore stored or exported rather than processed within the reach. By changing OM inputs and/or quality, this invasive species has the potential to alter the metabolic balance and efficiency of stream ecosystems.
Pre-invasion data on ecosystem function are particularly rare and, because of this, impacts are often evaluated using space-for-time substitution or experimental removals, even though a before-after comparison may be preferable (Blossey 1999) . We used an opportunity to revisit a site that was part of an earlier ecosystem study (International Biological Program or IBP; Golley 1993) , to conduct a before-after invasion comparison of stream OM dynamics and ecosystem efficiency in response to Russian olive invasion in an arid land stream.
Study area
Deep Creek is a spring stream in the sagebrush steppe ecoregion, located in southeast Idaho in the northern Great Basin (42.168 N, 112.658 W; 1457 m elevation) . This region has a semiarid climate with mean annual precipitation ;25 cm (Barton 2004) . Multiple reaches of Deep Creek were extensively studied as a representative cool-desert stream during the IBP in the early 1970s (Minshall et al. 1973 , Minshall 1978 . It has since experienced invasion by Russian olive along some downstream reaches, while some upstream reaches have maintained riparian areas dominated by native grasses, sagebrush (Artemisia tridentata), and patches of narrowleaf willow (Salix exigua). We revisited two of the reaches studied during the IBP: an upstream reference reach, where the riparian vegetation has experienced little change, and a reach invaded by Russian olive since the mid 1980s (Fig. 1) , located approximately 8 km downstream. Both sites are now and were historically managed for cattle grazing, although the frequency of cattle presence has diminished compared to the 1970s (Ken Timothy, personal communication). At the reference reach, reduced grazing has increased the presence and density of narrowleaf willows, although they remain patchy and small. At the invaded reach, Russian olive is dense along approximately 1400 m ( Fig. 1 ) with a mean of 105 trees on both banks per 100 m of stream length. Canopy cover at the invaded reach now averages 50% (measured using a densiometer), compared to 19% at the reference reach. Mean discharge at the reference reach was 40 L/s, measured across 18 sampling dates by establishing a cross-section and measuring flow using a Flo-mate flow meter (Hach-Marsh/McBirney, Frederick, Maryland, USA). The stream between the reference and invaded reaches becomes ephemeral but a large spring reestablishes permanent flow just upstream of an irrigation diversion, which is located approximately 200 m upstream of the reach invaded by Russian olive. This irrigation diversion reduces discharge in the invaded reach during certain portions of the year; mean discharge is 750 L/s excluding periods when water is withdrawn for irrigation (n ¼ 12 measurements), however, mean discharge in the stream channel is 15 L/s when the irrigation diversion is open (n ¼ 6 measurements). The timing and magnitude of these withdrawals have remained consistent since well before the IBP, and diversions like this one are common in the region; we therefore considered this condition to be consistent with respect to the pre-to post-invasion comparison. 
METHODS
We tested the specific predictions that Russian olive invasion increased allochthonous OM subsidies to streams, reduced autochthonous primary production, increased stream ecosystem respiration, increased OM storage, increased export of OM, reduced the balance of production to respiration, and reduced ecosystem efficiency with respect to particulate OM. Stream ecosystems were defined at the scale of reaches (200-600 m). We measured input, processing, and output of OM in the invaded and reference reaches (2006) (2007) (2008) (2009) and compared these to pre-invasion conditions measured during the IBP study (1970) (1971) (1972) (1973) (1974) . We modeled the sampling methods and regime in this study after those of the IBP study; however, we did use some analogous but updated techniques, and in many cases increased the number and duration of measurements.
We measured allochthonous litter in SeptemberDecember 2007 and June-December 2008 using 10 streambank litter baskets (0.2 m 2 area and approximately 40 cm high) at each reach. They were placed at the wetted edge of the stream and distributed in proportion to the frequency of riparian vegetation type in each reach (e.g., 70% Russian olive, 30% grass/ sagebrush would result in seven baskets placed under Russian olive and three in open areas). We collected the basket contents approximately biweekly, visually characterized the source of the material, and determined ash free dry mass (AFDM) using standard methods (APHA 2005) . During the IBP study, open buckets with a smaller area of 0.06 m 2 were suspended over the stream from posts driven into the streambed. Bank traps capture less litter than over-stream traps, so our postinvasion estimate is conservative and may underestimate litter inputs by as much as 10% (Cirello et al. 1999) .
Whole reach gross primary production (GPP) and ecosystem respiration (ER) were measured using the two-station open-channel technique (Marzolf et al. 1994, Young and Huryn 1998) . We made 18 and 15 metabolism measurements in the invaded and reference reaches, respectively, between August 2006 and August 2008. Monthly measurements were made between May and November, and less frequent measurements were made between December and April with a minimum of two measurements in each season (see Appendix A for additional methodological details). During the IBP study, a two-station carbon dioxide change method was used, with carbon dioxide concentration inferred from pH and alkalinity as described in Wright and Mills (1967) . We chose to use a different technique because developments in O 2 sensors and gas tracer techniques have made dissolved oxygen and reaeration easier to measure, which in this case allowed for more frequent metabolism measurements. The dissolved oxygen and carbon dioxide techniques do not result in significantly different estimates of metabolism (Webster et al. 2005) .
We assessed storage of OM by quantifying benthic organic matter (BOM) once during the study. We used both a 314-cm 2 stove pipe core sampler (Wallace et al. 2006 ) and a 35-cm 2 piston corer to sample benthic material to depths of 10 and 20 cm, respectively. We sampled three pools and three riffles using each method in each reach during September 2009. The piston cores were divided into sections by 5-cm increments. Ash-free dry mass (AFDM) was determined for each core section and all material in the stovepipe sample. The measurements from the stovepipe sampler were proportionally scaled to 20 cm depth using the data obtained from the piston corer samples. Once during the IBP study, a US-BMH-53 sampler (20.3 cm 2 ; United States Geological Survey, Hydrological Instrumentation Facility, Stennis Space Center, Mississippi, USA) was used to core to 20 cm depth and AFDM was determined for the entire core.
To better understand the processing and fate of Russian olive litter once it entered streams, we measured the decomposition rate of leaves from Russian olive and a native willow species (peachleaf willow, Salix amygdaloides) in both study reaches. Allochthonous litter decomposition rates were not measured as part of the IBP study. To measure the decay rate of each type of We measured transport of OM into and out of the study reaches 10 times from June 2008 to September 2009. We used triplicate nets (250 lm mesh, 45 3 35 cm opening) placed horizontally in the stream perpendicular to the current for 15 minutes per measurement. We measured the water depth and velocity at the net opening once during the first minute of collection using a Flo-mate flow meter and wading rod. The material collected in each net was rinsed in a 250-lm mesh sieve and the coarse fraction was sorted visually according to autochthonous or allochthonous origin. If the origin of the material could not be determined, it was categorized as amorphous detritus. AFDM for each type of OM was determined as above. Similar methods were used during the IBP study when eight measurements were conducted between February and September 1974. We report only coarse particulate organic matter (CPOM) drift because data for fine OM drift were not available from the IBP study for the reaches we used. We also attempted to include dissolved organic matter (DOM) in the OM budgets, but adequate data were not available from the IBP study to allow for a before-after comparison. We did measure dissolved organic carbon ( We used the data generated by the sampling described above (Table C1) to compile partial annual OM budgets and generate coarse estimates of EE for each reach during the IBP and in 2007. To calculate annual fluxes of OM (GPP, ER, litter), we scaled measurements to monthly estimates and summed these estimates to obtain yearly values (see Appendix C for methodological details used in scaling). Particulate OM export is one of the most temporally variable components of stream OM budgets (Webster and Meyer 1997) so scaling a single monthly measurement would likely not be representative. Due to very large variation (Appendix C; up to four orders of magnitude) in measurements of CPOM drift, we scaled the median value of all measurements for the year to arrive at the most representative annual estimate for this flux. We estimated EE for stream reach budgets as 100 3 (ER/[GPP þ litter input]) (Webster and Meyer 1997) . We used mean DOC concentration (Appendix C: Table C2 ) and mean discharge to calculate DOM transport, assuming DOM is 50% carbon, to evaluate the relative contribution of DOM to OM budgets and the sensitivity of our findings to the lack of before-after comparison of this component.
Scale is at once the strength and limitation of wholeecosystem studies. Because we did not have replicate study reaches, we were limited in the statistical approach that could be applied to the data to discern meaningful differences, in spite of potentially large differences between the two time periods and the potential effect of Russian olive invasion on the variables measured. We used randomized intervention analysis (RIA ; Carpenter et al. 1989 ) to evaluate the null hypothesis of no change relative to the reference site for each flux component of the OM budget. RIA was designed expressly for whole ecosystem experiments to detect differences caused by a specific change in one system compared to a reference system (Carpenter et al. 1989 ). RIA could not be applied to BOM estimates because they were generated by one time-integrated sample rather than a time series, or EE estimates because they were calculated from the annual estimates of other parameters. We used a paired t test to evaluate differences in the litter decay coefficient between leaf types with a significance criterion of P 0.1 because of the small sample size of two reaches.
RESULTS
Russian olive invasion altered allochthonous, but not autochthonous, inputs in the OM budget (Fig. 2) . As hypothesized, allochthonous litter input significantly increased nearly 25-fold to 301 g AFDMÁm À2 Áyr À1 at the invaded site after Russian olive was established compared to pre-invasion conditions (RIA P ¼ 0.002). Russian olive comprised 97% of litter at the invaded site. Litter input also increased at the reference site postinvasion, but this increase was an order of magnitude less than the input to the invaded reach (21 g AFDMÁm À2 Áyr
À1
). Opposite to our prediction, mean GPP actually increased by 51% in the invaded reach while it remained similar in the reference reach, but this difference was not significant due to high variability among measurements ( Fig. 2 ; RIA P ¼ 0.642).
Contrary to our hypothesis, presence of Russian olive did not significantly alter exports of OM (Fig. 2) . Though ER, which is an estimate of OM loss due to organism activity, increased by an average 53% in the invaded reach and changed little in the reference reach, high variability among measurements meant this difference was not significant (RIA P ¼ 0.685). As a result, the ratio of GPP to ER also remained similar and near 1 in both reaches post-invasion ( Fig. 2 ; RIA P ¼ 0.567). Net reach flux (import minus export) of allochthonous and autochthonous CPOM increased by an order of magnitude at both reaches post-invasion, but we did not detect significant difference in change of the invaded vs. the reference reach ( Table C2 ) and DOM transport was 429 and 39 604 kg/yr at the reference and invaded sites, respectively.
Russian olive invasion did alter the processing and storage of OM in this stream, with consequences for net ecosystem efficiency. At the invaded site, the BOM storage increased nearly fourfold following Russian olive invasion, whereas it increased by only 30% at the reference site (Fig. 2) . At both sites, Russian olive leaves had a significantly slower decay rate (k ¼ 0.0153 and 0.0240) in the stream than willow leaves (k ¼ 0.0232 and 0.0367; t (1) ¼ 4.27; P ¼ 0.07; Appendix B). Russian olive leaves retained 20-46% of their starting AFDM after 53 MADELEINE M. MINEAU ET AL. 1504 Ecology, Vol. 93, No. 7 days in the stream whereas willow leaves only retained 14-30% (Appendix B). Due to the addition of leaf litter that decayed slowly and was stored rather than consumed, EE decreased in the invaded site from 103 to 89% following Russian olive invasion. In comparison, there was an increase in EE at the reference site during the study period from 92 to 102%.
DISCUSSION
We found that a species invasion occurring in one ecosystem can cause functional responses to stress in another closely linked ecosystem. Though a stressor occurs outside of the boundaries of an affected ecosystem, resource subsidies can act as a mechanism to transfer its effect. The addition of relatively recalcitrant Russian olive litter to Deep Creek decreased efficiency of OM processing and increased storage of unused OM. Furthermore, the proportion of the total OM pool in the stream reach from allochthonous sources increased from 1% to 16% after Russian olive invasion. In spite of this, we did not observe a significant shift in the ratio of production to respiration (P:R) or increased ER. These results suggest that altered riparian subsidy fluxes due to a tree invasion may represent a stress for the recipient ecosystem. We argue that the magnitude of the stress effect in our study is mediated by particular characteristics of the subsidy itself as well as those of the recipient ecosystem.
Russian olive caused a large increase in allochthonous OM input to Deep Creek, but did not alter autochthonous production. The annual Russian olive litter input at the invaded site was much higher than that measured by Follstad Shah et al. (2010) , who reported that Russian olive contributed 5% (or 20 g dry massÁm
À2
Áyr À1 ) of total annual litter flux in mixed Russian olive and cottonwood riparian stands along the Rio Grande. Allochthonous litter input at the invaded site now equals or surpasses that received by some streams in mixed deciduous forests (Benfield 1997) . However, it remains on the low end of this range and is less than half of the allochthonous inputs received by archetypal deciduous-forested streams (e.g., Benstead et al. 2009 ). The nearly 25-fold increase in allochthonous inputs was not accompanied by a decrease in GPP, despite dramatic increases in shading from the Russian olive canopy. It is possible that this increase in shading was not sufficient to induce light limitation of GPP, due to increased photosynthetic efficiency (Hill et al. 1995) .
Differences in GPP, ER, and P:R were not detected via RIA due to high variability among measurements, however, on average, GPP and ER did increase by about 50% at the invaded site, which may represent ecologically significant changes deserving of further investigation. With respect to GPP, even if there were negative effects due to shading, we reason that this might be offset by potential increases in nitrogen inputs from Russian olive , and any subsequently subtle differences in GPP would be difficult to detect given the sample sizes available for comparison in this study. Elsewhere, we have shown that Russian olive is associated with altered nutrient dynamics in streams, including reduction of nitrogen limitation of biofilm chlorophyll-a , an observation consistent with a potential increase in GPP. If such an increase did occur, it could increase availability of autochthonous DOM, which, in turn, might explain our observation of an associated, proportional increase in ER. In another desert spring stream, hyporheic ER was stimulated by the addition of autochthonous but not allochthonous OM (Jones 1995) . Therefore, OM source and quality appear to determine the fate of this subsidy. Other studies (e.g., Heffernan 2008) have found that alteration of ecosystem function caused by vegetation shifts were driven by geomorphic changes. We did not explicitly monitor geomorphic parameters; however, photographic time series show little change in channel form and we did not observe large differences in mean discharge, width, or depth in either study reach before . Abbreviations are P, production; R, respiration; AFDM, ash-free dry mass; CPOM AT, autochthonous coarse particulate organic matter; CPOM AL, allocthonous coarse particulate organic matter; BOM, benthic organic matter; GPP, gross primary production; and ER, ecosystem respiration. The asterisk signifies a significant change according to randomized intervention analysis (RIA; P ¼ 0.05). Note that BOM could not be compared using RIA because it was not measured as a time series.
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The non-labile nature of Russian olive litter appears to drive the apparent reduction of stream EE. Willows have a higher leaf C:N than Russian olive and might therefore be expected to decompose at a slower rate (Royer et al. 1999 , Harner et al. 2009 , USDA 2010 . However, we found that Russian olive leaf litter broke down more slowly than willow litter in this stream. This may be due to high lignin and structural carbon content in Russian olive leaves (Moline and Poff 2008) or microbial inhibition due to allelochemicals (Llinares et al. 1993 ). The decay rate measured for Russian olive at the invaded site was similar to others reported in the literature (0.0240 d À1 vs. 0.0176 -0.0305 d
À1
; Royer et al. 1999 , Harner et al 2009 . However, the decay rate measured for Russian olive litter at the reference site (0.0153 d À1 ) was lower than those previously reported for this material, perhaps due to low water temperature (Appendix B). Given the potential importance of DOM to stream organic matter budgets (Webster and Meyer 1997) and that a lack of adequate pre-invasion data prevented a comparison for this component, we used DOC data from recent years to evaluate the effect of this gap on our findings and interpretations. We found that DOM transport is presently a substantial flux of OM in Deep Creek compared to other fluxes and pools reported in the budget, but is relatively small compared to other streams. Though DOM concentrations were greater at the reference site, DOM transport at the invaded site far exceeded it due to higher discharge. In a review, Mulholland (1997) reported mean DOM concentrations of 9.5 mg/L and mean transport of 7.7 3 10 6 kg/yr for 33 streams and rivers and mean transport of 1.1 3 10 5 kg/ yr, excluding larger rivers (larger than fourth order, n ¼ 8 rivers). In other streams of arid regions, mean DOM Ecology, Vol. 93, No. 7 concentrations ranged from 11.9 mg/L (Sycamore Creek) to 0.7 mg/L (Rattlesnake Spring; Mulholland 1997). In forested Appalachian streams, where leaf litter accounts for about 80% of total OM inputs (Benstead et al. 2009 ), leaf litter contributes 30% of stream DOC export (Meyer et al. 1998) . Considering that Russian olive leaf litter only represents 16% of OM inputs at the invaded site, it is likely that DOM in Deep Creek is largely derived from autochthonous sources. As such, we reason that the DOM component of the annualized OM budget would not have been directly affected by Russian olive invasion, though effects of episodic (e.g., during pulsed inputs of leaves) or indirect (e.g., via possible changes in GPP) nature may occur.
The dominant fate of allochthonous OM added by Russian olive at the Deep Creek invaded reach was likely storage as BOM. We observed a fourfold increase in BOM at the invaded site while BOM at the reference site increased only 30%. The large BOM pool may only be temporary and may be exported during scouring flows as part of multi-year cycles of accumulation and loss (Wallace et al. 1997a ). However, our ability to detect changes in OM export as DOC and CPOM was constrained by the data available from the IBP study and the temporal resolution and/or duration of our investigations. Because we measured OM export episodically during a 16 month period, we may have only measured a period of OM accumulation and failed to capture spate and storm-driven export events (Benstead et al. 2009 , Hall et al. 2009 . If the large accumulation of stored BOM is exported during such events, it may drive periodic or pulsed OM subsidies to downstream ecosystems.
The resilience of stream EE to such changes in riparian structure is not known, and additional longterm and/or manipulative studies are needed for it to be quantified. The decrease in EE apparently caused by Russian olive invasion may persist as an alternative stable state (Scheffer et al. 2001) or the change may be temporary and EE may rebound if the aquatic community adapts to utilize the novel OM source. Regardless, our findings contribute to the growing body of evidence that alterations in riparian vegetation are the driver of major ecological change in arid streams, potentially shifting these ecosystems to an alternative stable state (e.g., Heffernan 2008 , Ball et al. 2010 ). This highlights the need to use a holistic approach, considering aquatic and riparian systems together, in management and restoration decisions.
